Abstract-This paper experimentally demonstrates the strong enhancement of light extraction efficiency in two-dimensionally arranged microcolumns. They were designed like a honeycomb photonic crystal and fabricated into GaInAsP-InP wafers by using the inductively coupled plasma etching. For the laterally directed light passing through the microcolumns, peculiar transmission characteristics were observed, which could be explained by the Bragg reflection theory, namely, the photonic bandgap (PBG). The measurement of spontaneous lifetime showed that the internal efficiency in the microcolumns was reduced by the surface recombination at sidewalls. In contrast, the light extraction efficiency evaluated from the measured photoluminescence intensity, and the internal efficiency was more than ten times that for a planar wafer. This was thought to be due to the expanded escape cone of internal light by the low effective refractive index, and also due to the strong diffraction and scattering of laterally directed light, which corresponds to the second-order Bragg condition. Such effects are expected not only in photonic crystals but also in some disordered structures. We expect this structure to allow a high-efficiency light-emitting diode (LED), since electronic elements needed for current injection devices can be added independently of the effects.
The basic concept can be seen in a simple slab. The lengthened spontaneous lifetime has been observed for a thin GaAs-AlGaAs slab with low-refractive-index surroundings [2] . It simply demonstrated the theoretical expectation that the spontaneous emission can be controlled by the vacuum field fluctuation, namely, characteristics of optical modes [3] [4] [5] . A developed form of this concept is spontaneous emission control in a planar microcavity. It consists of a slab active layer sandwiched by a pair of distributed Bragg reflectors (DBR's). Some amount of spontaneous emission suppressed by the stopband of DBR's is transferred to the resonant mode emission efficiently extracted toward vertical directions [6] [7] [8] . An extraction efficiency of more than 20% was theoretically expected for a typical GaAs-AlAs DBR [9] and experimentally observed in a GaInAs LED with the DBR's [10] . These values are limited by the existence of nonextracted guided and leaky modes. Further enhancement of the efficiency is expected for two-dimensional (2-D) photonic crystals. A high efficiency over 30% was theoretically estimated from one side of a semiconductor slab with air holes [11] . It owes to a photonic bandgap (PBG) that suppresses the guided mode emission and enhances the coupling of emission into air modes. Until now, this high efficiency has not been experimentally demonstrated. An expected problem is the surface recombination at sidewalls of holes, which degrades the internal efficiency. Another problem is its geometry, which makes a current injection device difficult. The top contact layer and metal electrodes necessary for injection devices will essentially change the expected effects, since the effects must strongly depend on upper and lower boundary conditions.
The photon recycling and the textured surface have been studied as other approaches. The photon recycling improves the extraction efficiency by the reabsorption of the nonextracted light [12] . It needs a high-reflectivity mirror to feed back the light to the active region. By this effect, over 70% extraction efficiency of the photoluminescence (PL) was achieved for a GaAs-AlGaAs thin slab with a SiO 2 -Au mirror [13] . Also for this structure, the problem is the difficulty of making an injection device. In a planar microcavity LED, the improvement by this effect is small due to the inefficient reabsorption. Twice, an increase of the efficiency was observed in a GaInAsP-InP thin slab LED with an AuZn film used as an electrode and a feedback mirror [14] . This small increase was theoretically expected, since the reflectivity of the metal film was as low as 75% after the annealing process for making the ohmic contact. The effect of the textured surface also depends on the mirror reflectivity [15] . This method achieved 30% efficiency in an LED with a nonannealed metal mirror separated from electrodes. This paper discusses the extraction efficiency in 2-Darranged semiconductor microcolumns, designed like a 2-D photonic crystal. We can suppose three effects for the enhancement of the efficiency. The first one is the expanded escape cone of the internal light by a low effective refractive index of the diluted semiconductor, namely, the average medium having a small filling factor of semiconductor columns. However, the laterally directed light cannot be extracted from a simple diluted semiconductor. The second effect is that the lateral light is converted to the light toward vertical directions by the diffraction in the air space between columns and the strong scattering at semiconductorair interfaces. The third effect is that the lateral emission is essentially inhibited by a PBG of columns as a photonic crystal. This results in the change of spontaneous lifetime. These three effects are similar to those discussed in [11] . Compared with a slab with air holes, microcolumns are advantageous on the following two points. The surface recombination will be smaller in columns, since the sidewall area exposed to the air is 1/3-1/5 of that in air holes when assuming a constant filling factor of semiconductor [1] . The fabrication of an injection device will be much easier for columns, since a contact layer and metal electrodes can be added almost independently of the effects. We do not expect the photon recycling, so additional mirrors are not necessary.
In this study, we fabricated microcolumns and evaluated the PL intensity as well as the internal efficiency. As a result, a high extraction efficiency was evaluated, which was thought to be primarily due to the first two effects mentioned above. Distinctive features of this study are as follows.
1) GaInAsP-InP materials were used to suppress the surface recombination at sidewalls of the active layer as small as possible. 2) A honeycomb arrangement of columns was used, which was expected to exhibit the polarization-insensitive PBG [16] and minimize the surface recombination [1] . 3) To obtain fine columns micrometers to submicrometers in diameter and several micrometers in height, the inductively coupled plasma (ICP) etching was used, which was known as a high-speed etching method of silicon for micromachine elements, etc. 4) The PBG was evaluated by using the direct optical pump of columns and detection of the PL. This simplifies the optical alignment and reduces the influence of the diffraction and absorption. 5) To evaluate separately the extraction efficiency and the internal efficiency, the spontaneous lifetime was measured. A phase-resolved spectroscopy was used, which allowed the measurement at a wavelength 1.1 m. We describe the fabrication of microcolumns in Section II, the observation of the PBG in Section III, the measurement of the spontaneous lifetime and the evaluation of the internal efficiency in Section IV, and the measurement of the PL intensity and the evaluation of the extraction efficiency in Section V. Last, we discuss the origin of the high efficiency and the applicability to an injection device.
II. FABRICATION
We prepared two epitaxial wafers A and B grown on InP substrates by a metal organic chemical vapor deposition. Wafer A included 19 GaInAs lattice-matched quantum wells (QW's) and an InP upper cladding. They were all undoped. The thickness of QW's widely ranged from 3 to 20 nm so that it exhibited a broad emission spectrum from to m. We used this wafer to evaluate the PBG. Wafer B was a typical laser diode wafer including eight GaInAsP compressively strained QW's of 4 nm in each thickness, GaInAsP strain-compensated barriers, a GaInAsP gradient-index separate confinement heterostructure, and upper p-and lower n-InP claddings. The peak emission wavelength was 1.52 m at room temperature. We used this wafer to evaluate the extraction efficiency.
To observe the dependence of the PBG frequency and the light extraction efficiency on the structural design, we prepared various diameter 2 of columns and pitch of the honeycomb arrangement ( -m and -m). They were not designed independently, but designed as they satisfied some filling factor of columns. The filling factor targeted was 0.12. It gives the polarization insensitive PBG at 1.5 m, when the refractive index of columns is 3.38 and -m [16] . We prepared patterns with various up to 0.17, i.e., larger diameters of columns than the optimum one, to compensate the unwanted reduction of the diameter in the fabrication process.
The fabrication process was as follows. First, Ti was evaporated on the wafers. Second, the honeycomb pattern of circular holes was drawn on a positive resist using the electron beam lithography. After Cr was evaporated, the pattern was reversed to that of Cr dots by the liftoff technique. The reversed pattern was transferred to Ti using the CF 4 reactive ion etching. Finally, the wafer was etched by the ICP etching with Cl 2 and Xe gases. The detail of the ICP etching has been reported previously [17] . Fig. 1 shows scanning electron micrographs (SEM's) of formed columns. The average roughness at sidewalls estimated was 1-nm order. The height and maximum aspect ratio were 2.5 m and 8.3, respectively. The sidewall of upper 1.2 m was almost vertical, while that of lower 1.3 m was tilted by the microloading effect. The variation of the top diameter 2 was 15% in rms. The scattering matrix analysis indicated that this variation in this type of photonic crystal weakens the PBG effect by half [18] .
III. OBSERVATION OF PBG
For the observation of the PBG, transmission spectra were measured. We used wafer A as a light source with the wide spectral range. This simple source is advantageous, since the PL gives a high-power density as a white source. The PL from the wafer was detected from a lateral direction by a sharpened single-mode fiber with a tip radius of 1 m and analyzed by an optical spectrum analyzer. All the measurements were carried out at room temperature.
Four measurement setups, as illustrated in Fig. 2 , were tested. The setups shown in Fig. 2 (b) and (c) were advantageous regarding the easy optical alignment. However, a long distance from the emitter to the fiber tip in Fig. 2 (b) reduced the contrast of the transmitted light passing through columns against the direct light from the emitter to the fiber. It also caused the reabsorption of light in columns. But it was difficult to reduce the distance up to several micrometers by the cleavage of the wafer. In Fig. 2(c) , the detection of the direct light was excluded by a long waveguide, but the reabsorption was enhanced and transmission spectra were seriously changed. The reabsorption could be excluded by the transparent columns in Fig. 2(d) , but the optical alignment was the most difficult and unstable. Thus, we finally used the direct pump of columns Fig. 2(a) . In this setup, the optical alignment was easy, and the reabsorption was excluded by a sufficient pump, as described below.
In the measurement, the wafer was cleaved into two pieces at the center of the photonic crystal of 60 150 m 2 in total area. First, the center of the crystal on one of the cleaved wafers was pumped by continuous-wave (CW) light of nm. The focused spot diameter of the pump light was 30 m, and the irradiated power density was 30 kW/cm 2 . The fiber tip was put close to the cleaved facet. When the fiber tip was moved up and down along the vertical direction, a position was found, at which the PL intensity at < 1.3 m was drastically weakened to less than 10 dB of that before. We thought that it was the closest position of the fiber tip to the columns at the wafer edge, since the spectral change should be caused by the reabsorption of the PL in columns between the pumped area and the wafer edge. The fiber tip was fixed at this position, and the pumped area was moved close to the fiber tip. Almost perfect recovery of the intensity at < 1.3 m was observed. This means the extinction of the reabsorption. Under this condition, transmission spectra were evaluated.
To observe the dependence of the PBG on the structural design, we selected four samples with different pitch and a constant filling factor . The PL was detected from the -direction in the Brillouin zone of the photonic crystal. Fig. 3 shows transmission spectra given by the ratio of observed spectra to a reference spectrum, which was obtained by averaging spectra for a simple wafer without columns. For each sample, a decrease of 2-3 dB in transmission was observed in each spectral range. This spectral range red-shifted with the increase of the pitch and diameter . Fig. 3 compares experimental results with simulated ones obtained by the scattering matrix method. In this simulation, the model was 2-D, i.e., the infinite height of transparent columns and the uniform field distribution along the columns were assumed. In addition, all columns were assumed as light sources emitting cylindrical waves. Therefore, due to the direct detection of light from edge columns, the decrease of light at the PBG is limited to as little as 6 dB in the simulation. The PBG as wide as 300 nm is due to the observation of light from one direction assumed in the simulation. As seen in Fig. 3 , experimentally observed spectra roughly accorded with simulated ones. We consider that the smaller decrease of light at the experimental PBG was caused by the variation of the diameter and the diffraction of light toward vertical directions.
IV. SPONTANEOUS LIFETIME AND INTERNAL EFFICIENCY
The measurement setup of the phase-resolved spectroscopy is shown in Fig. 4 . All the measurements were also carried out at room temperature. The CW pump light of nm was sinusoidally modulated with an angular frequency and focused on a sample from the top by an objective lens with a numerical aperture of 0.4. The focused spot diameter of the pump light was 10 m, and the irradiated power density was maximally 15 kW/cm . The absorbed power by the QW's was much lower than this value because of the thin QW's, i.e., 30 nm in total thickness. The PL radiated from columns toward upper direction was collimated by the same objective lens, transmitted through a bandpass filter of -m and detected by a GaInAs pin photodiode. The pump light reflected at the sample surface was separately detected by the same photodiode. The phase shift between the two waves was repeatedly measured for various from 1 to 50 MHz. When the exponential decay is assumed as an impulse response of the relaxation process, the relation is satisfied for each . A spontaneous lifetime is determined by the method of least squares for measured phase shifts and the relation. When the lifetime is dominated by the binary recombination, it is dependent on the pump density, so the phase shift should be dynamically changed for a deep modulation of the pump light. In this experiment, the modulation depth was suppressed to less than 20% of the dc component to avoid this problem. As this method uses the CW pump, the PL from GaInAsP-InP columns could easily be detected with a high time-averaged power. Thus, this method is more advantageous than a time-resolved spectroscopy for which a low-noise and high-sensitivity detection is not available at m. Using this method, we first observed different characteristics of two as-grown wafers A and B. Fig. 5 shows the dependence of lifetime on the irradiated power density. For wafer A, the lifetime is inversely proportional to the power density. This is the typical dependence of the binary recombination. In contrast, the lifetime for wafer B was roughly independent of the power density and accordingly the carrier density in QW's. This was due to the doping against wafer B, in which the lifetime was dominated by the recombination with dopants against this pump level.
To evaluate the lifetime characteristic for columns in wafer B, the nonradiative recombination at sidewalls of the active layer exposed to the air must be taken into account. In general, the inverse lifetime is given by , where and are radiative and nonradiative recombination lifetimes, respectively. Let us ignore the nonradiative recombination at defects and interfaces inside the wafer. Let us also ignore the Auger recombination, since the absorbed power by the QW's was relatively small. Then, , where is the wafer lifetime and is the modulation factor of the radiative recombination by the PBG, and , where is the nonradiative recombination velocity. When is changed by the surface recombination against a constant pump level, the carrier density in QW's should also be changed. Even under this condition, the lifetime for wafer B was roughly constant, as shown above. Therefore, is only dependent on and . Fig. 6 shows the dependence of the lifetime on the inverse radius, which was evaluated for columns on wafer B with various filling factor -. Each circle and error bar indicates, respectively, the average and the dispersion of lifetimes, which were repeatedly measured for each sample. The radius of columns in each sample was measured from SEM views. In Fig. 4 , the inverse lifetime is almost proportional to the inverse radius with a slope of 3.2 10 4 cm/s. The velocity is 1.6 10 4 cm/s. After the wet etching of columns using HCl : H 2 O 4 : 1 solution for 5 s at 2 C, was decreased to 80% of that before. Thus, the surface recombination velocity is 1.3 10 4 cm/s. This value is typical for GaInAsP-InP. The balance 0.3 10 4 cm/s was caused by the etching damage and contamination. This result indicated that the internal efficiency was degraded by the nonradiative recombination.
In Fig. 6 , data obtained for different filling factor are equally plotted, since the dependence on was not detected. In addition, the change of was not detected even under the optimum condition for the PBG, i.e., 5 m 1 and . For the honeycomb arrangement of columns, the width of the polarization insensitive PBG was calculated to be 10% of the center frequency [16] . Therefore, when the emission peak is tuned to , the solid angle allowed for emission is restricted to 70% of the total solid angle 4 . We can expect 30% decrease of the inverse lifetime. In this experiment, however, the internal efficiency was 7% around the PBG condition. To evaluate the increase of the lifetime under this condition, 2% change of the lifetime must be detected. This seems to be difficult for the scattered data, as seen in Fig. 6 . The change will not be detected without improving the internal efficiency to higher than 50%.
V. LIGHT EXTRACTION EFFICIENCY
The detected power of the PL was measured for each sample using the same setup, as shown in Fig. 4. Fig. 7 shows the relative PL power for all samples, where is a typical PL power from as-grown wafer B. Data are scattered so that they give no significant properties without considering the filling factor and the internal efficiency . The extraction efficiency is expressed as , where is the pump power and and are the absorption efficiency of the pump light and the collection efficiency of the PL by the objective lens, respectively. In this measurement, and were constant. First, let us assume to be constant for simplicity. Using for the as-grown wafer B as a standard and taking into account the so-obtained and for each crystal, the enhancement of the light extraction efficiency was evaluated, as indicated by open circles in Fig. 8 . A large enhancement over ten times was estimated for smaller columns. The scattering of the data was thought to be due to the variation of the absorption efficiency . One may consider that the absorption efficiency is strongly changed with the change of the extraction efficiency. This is not true in this case, because the extraction efficiency is mainly restricted by the total reflection of the internal light, while the pump light can enter the structure without suffering the total reflection. We rather estimated that the absorption efficiency was of the same order for all samples, since drastic changes of the peak wavelength and the spectral shape of the PL were not observed. However, there still remain some possibilities of the small change of the absorption efficiency by the multireflection and repeated absorption in columns. To confirm the large enhancement of , those for some samples were evaluated again using the pump light of nm. For this wavelength, the InP claddings and substrate are strong absorbers, so the repeated absorption is suppressed. As indicated by closed circles in Fig. 8 , the enhancement under this condition was still as large as 9-17 times. These values are almost the same as average values of those denoted by open circles. The extraction efficiency for a planar wafer is typically 2.4%. Therefore, the enhancement corresponds to a high extraction efficiency of 22-41%.
We considered the origin of the high efficiency. The extraction efficiency dominated by the escape cone of internal light is expressed as where and are indexes of the air and the semiconductor, respectively. Let us apply this formula to the columns by considering the effective refractive index of the diluted semiconductor. It is generally difficult to determine uniquely the effective index of arranged columns due to the strong frequency dependence. Let us assume, for example, and . Then, is calculated to be 18%. It is still much lower than the highest value obtained in the experiment. The difference comes from the lack of considerations for the light toward lateral directions. The lateral light is not extracted from a simple diluted semiconductor, while it is extracted from the microcolumns. In another study concerning a laser diode with a deep grating DBR, we carried out a finite difference time-domain simulation of light in a periodic structure of semiconductor vertical walls and air space, which has a similar side view to that of the formed columns [21] . We observed that the transmission of the lateral light through the grating was dependent on the design, e.g., the first-and the second-order grating conditions. However, the characteristic of light toward vertical directions was not sensitive to the design. The far-field pattern was strongly oriented toward vertical directions for any pitches and semiconductor widths; no striking changes were observed even under the secondorder grating condition. The ratio of up-and down-oriented light was roughly 4 : 6. These results suggest that the lateral light is diffracted in the air space and easily converted to the vertical light by the strong scattering at semiconductorair interfaces. It can also be explained as the second-order Bragg diffraction with a very large coupling coefficient of the grating. Almost the same situation can be considered for the formed columns. We consider that this is the reason why the extraction efficiency evaluated was higher than that explained by the diluted semiconductor and why the efficiency was not sensitive to the small change of the radius.
VI. CONCLUSION
GaInAsP-InP 2-D-arranged microcolumns with a high aspect ratio over eight were fabricated by the ICP etching. Using the direct optical pump of columns and the detection of the inplane PL, the spectral shift of the PBG was observed with the light suppression of 2-3 dB. The scattering matrix simulation explained that this small decrease was mainly affected by the direct detection of light from edge columns. The lifetime measurement using the phase-resolved spectroscopy showed that the internal efficiency was reduced by the typical surface recombination of 1.3 10 4 cm/s in velocity for this material system. Taking account of the internal efficiency and the filling factor of columns, a large enhancement of the extraction efficiency over ten times that for a planar wafer was evaluated.
This high efficiency was not primarily caused by the PBG but by the expanded escape cone in the diluted semiconductor and by the strong diffraction and scattering of lateral light. These effects were not sensitive to the structural design. Therefore, they are also expected for disordered columns fabricated by some easier process such as an anodic etching [22] . However, these effects are essentially different from the scattering at textured surface. The diluted semiconductor effect requires built-in active layers in columns. The diffraction and scattering discussed here cannot be obtained by textured surfaces. They are rather similar to those expected for small particle emitters.
The important issue to be investigated is the reduction of the surface recombination. The chemical treatment after the dry etching and the surrounding insulator should be optimized to reduce the surface recombination. For this purpose, another interesting challenge is the usage of other materials exhibiting small nonradiative recombination, e.g., GaN. Kyoji Inoshita was born in Kagawa Prefecture, Japan, on June 11, 1974 . He received the B.E. degree from the Division of Electrical and Computer Engineering, Yokohama National University, Yokohama, Japan, in 1999, where he is currently pursuing the master's degree.
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